We examined the estrogenicity of binary mixtures of the hydroxylated polychlorinated biphenyls (OHPCBs) 2,4,6-trichloro-4'-biphenylol (2,4,6-TCB-4'-OH) and 2,3,4,5,-tetrachloro-4'-biphenylol and the pesticides endosulfan and dieldrin. The OHPCBs and pesticides were tested in both the MCF-7 focus assay and a competitive estrogen-receptor binding assay. Although the individual OHPCBs were estrogenic in both assays, there was no synergy when they were combined at various concentrations as equimolar mixtures. Of the pesticides, only endosulfan was estrogenic. Its weak estrogenicity was seen only in the MCF-7 focus assay at the highest concentration tested-10 pM. There was no synergy of the equimolar mixture of pesticides. To determine whether OHPCBs might respond synergistically when combined with the natural estrogen 17-estradiol (E2), we tested various concentrations of 2,4,6-TCB-4'-OH in the MCF-7 focus assay in combination with physiologically relevant concentrations of E2. There was no synergy between 2,4,6-TCB-4'-OH and E2. Pretreatment for 3 or 7 days with 2,4,6-TCB-4'-OH had no effect on subsequent foci induced by a combination of 2,4,6-TCB-4'-OH and E2. Although our results showing no synergy between the pesticides or the OHPCBs are in contrast to a recent report that binary mixtures of these same compounds produce synergistic responses in estrogen-sensitive assays, they are in agreement with the results from other assays showing a lack of synergy. Considering all results, it appears that synergy of these weakly estrogenic compounds acting through the estrogen receptor is unlikely.
Introduction
Exposure to environmental chemicals can modify the endocrine systems of wildlife (1, 2) . These findings have led some to propose that environmental chemicals, acting as xenoestrogens, are involved in reproductive and developmental problems in both humans and wildlife and in the etiology of breast cancer (3) (4) (5) . Other researchers have suggested that the low potencies of environmental or xenoestrogens make it likely that their contribution to an estrogen response will be insignificant in comparison with the natural estrogen 17p-estradiol (E2) (6, 7) . However, relevant environmental exposure usually involves mixtures of compounds, whereas studies on the potency of xenoestrogens have typically addressed individual compounds. Accordingly, the issue gierthy@wadsworth.org Abbreviations used: BCS, bovine calf serum; DMSO, dimethyl sulfoxide; E2, 17-estradiol; EC50, concentration needed to produce 50% of the maximum response; ER, estrogen receptor; HAP, hydroxyapatite; 1C50, concentration needed to inhibit 50% of the maximum response; OHPCB, hydroxylated polychlorinated biphenyl; PCBs, polychlorinated biphenyls; 2,3,4,5-TCB-4'-OH, 2,3,4,5-tetrachloro-4'-biphenylol; 2,4,6-TCB-4'-OH, 2,4,6,-trichloro-4'-biphenylol.
of the potency of mixtures of xenoestrogens needs to be addressed.
Arnold and co-workers (8) examined the estrogenicity of binary mixtures of weak xenoestrogens. They reported that mixtures of weakly estrogenic (or nonestrogenic) pesticides (dieldrin, endosulfan, toxaphene, and chlordane) and hydroxylated polychlorinated biphenyls (OHPCBs) (2,4,6-trichloro-4'-biphenylol [2,4,6-TCB-4'-OH] and 2,3,4,5-tetrachloro-4'-biphenylol [2,3,4,5-TCB-4'-OH]) resulted in synergistic increases in estrogen receptor (ER) binding and reporter gene expression in transfection-facilitated yeast and endometrial carcinoma-derived cell cultures. The magnitude of the synergy varied and was the greatest for a mixture of pesticides (dieldrin and endosulfan)-up to a 1000-fold increase for the mixture as compared to the individual pesticides. The OHPCBs showed far less synergy-a 5-to 10-fold increase for the mixture as compared to the individual OHPCBs. The ER binding studies suggested that the synergy was occurring at the level of the ligand binding with the receptor.
Although the paper by Arnold et al. (8) was subsequently retracted (9) , other examples of limited synergy by OHPCBs and pesticides had been reported previously. Using temperature-dependent sex determination in turtles as an estrogen assay, Bergeron et al. (10) found that a single concentration of an equimolar mixture of 2,4,6-TCB-4'-OH and 2,3,4,5-TCB-4'-OH produced a synergistic estrogen response. The number of female hatchlings at temperatures that normally produce 100% males was significantly greater when the turtle eggs were painted with a mixture of 2,4,6-TCB-4'-OH and 2,3,4,5-TCB-4'-OH than with the same concentration of either compound alone. However, four more recent reports (11) (12) (13) (14) failed to find synergy of equimolar mixtures of pesticides and OHPCBs using a variety of estrogen-sensitive assays.
Bergeron et al. (10) studied extensively as an in vitro and in vivo model of estrogen-dependent breast cancer and displays multiple estrogendependent gene expressions (15) . Estrogendependent preconfluent cell proliferation in specific strains has been used as a marker for estrogenicity (16) . We characterized the estrogen-dependent postconfluent development of multicellular nodules or foci on a confluent monolayer in MCF-7 cell cultures (17) . This in vitro response to estrogens dosely mimics the in vivo action of estrogen (i.e., an estrogen receptormediated induction of cell proliferation in specific target tissue resulting in tissue restructuring), and does not require transfection of ER or reporter constructs. The MCF-7 focus assay is especially relevant to the examination of xenoestrogens because of their proposed association with breast cancer (18) .
In the present report, we examined the estrogenicity and potential synergism of the OHPCBs 2,4,6-TCB-4'-OH and 2,3,4,5-TCB-4'-OH and the pesticides dieldrin and endosulfan in the MCF-7 focus assay and a competitive ER binding assay. We also examined the interaction of various concentrations of 2,4,6-TCB-4'-OH with physiologic levels of E2. The OHPCBs were estrogenic in both assays. Only one of the pesticides, endosulfan, was weakly estrogenic in the MCF-7 focus assay only. None of the binary mixtures produced a synergistic response. These results demonstrate the usefulness of the MCF-7 focus assay in screening for the potential effects ofxenoestrogens.
Materials and Methods

Chemicals
Pesticides and hydroxylated polychlorinated biphenyls (PCBs) (95-99% pure) were obtained from Ultra Scientific (North Kingston, RI), and 5 mM stock solutions were prepared in dimethyl sulfoxide (DMSO). Recombinant human estradiol receptor was obtained from Panvera Inc.
(Madison, WI). 3H-labeled estradiol was obtained from NEN Life Science Products (Boston, MA).
Culture medium (DC5) consisted of Dulbecco's modified Eagle's medium (phenol red-free) supplemented with 5% bovine calf serum (BCS), insulin (10 ng/ml), L-glutamine (2 mM), nonessential amino acids, penicillin (100 U/ml), and streptomycin (100 pg/ml). The complete medium was filter sterilized using 0.2 pM pore-size nalgene filter units.
MCF-7 Focus Assay
MCF-7 cells were suspended in DC5 after treatment with trypsin (0.25%), seeded into 24-well plastic tissue culture plates at a density of 105 cells/ml/well and placed in a 370C humidified 5% CO2 incubator. Cells were refed at 24 hr and every 3 to 4 days thereafter with 2 ml DC5 containing various concentrations of the experimental compounds in DMSO. The final concentration of DMSO was usually <0.1%. Cells in the 24-well plates were visually inspected (Olympus CK microscope, 10x objective, Olympus Optical Co. Ltd., Tokyo, Japan) for evidence of cytotoxic or cytostatic effects of the test compound. Cytotoxic effects were indicated by cell morphology, e.g., pycnosis, lysis, or detachment; cytostatic effects were indicated by a delay in reaching confluence as compared to the control cultures. After 14 days the cultures were fixed with formalin and stained with 1% rhodamine B. The stained foci were then counted using a New Brunswick automated colony counter (New Brunswick Scientific Co. Inc., Edison, NJ).
All compounds and mixtures were tested for both their ability to induce foci (estrogenicity) and their ability to inhibit the foci induced by 1 nM E2 (antiestrogenicity). Any compound that induced focus formation was retested with 0.1 pM of the ER antagonist LY156758. Four replicates were performed at each concentration in each experiment and at least three experiments were performed with each compound and mixture. An E2 dose-response curve was generated with each experiment and data were normalized to the maximum E2 response. SigmaPlot software (version 3.0, Jandel Scientific Software, San Rafael, CA) was used to plot the dose-response curves, fit the data with a linear regression curve, and calculate the concentration needed to produce 50% of the maximum response (EC50). The means and standard deviations from representative experiments are shown.
The MCF-7 focus assay was also conducted with cells that were preexposed to various concentrations of an OHPCB. Normally, before cells are used in the MCF-7 focus assay they are maintained in DC5 and thus are exposed to very low levels of E2 (BCS has < 5 pg/ml E2) (17) and no xenoestrogens. Humans, however, are exposed to low chronic levels of PCBs (19) , some of which are estrogenic (20) . Because the background level of estrogens can effect the regulation of the ER (21) and consequently modify the response of the body to an exposure of a xenoestrogen or to natural fluctuations in E2 levels, we To determine whether the estrogenicity observed in the presence of 2,4,6-TCB-4'-OH and 2,3,4,5-TCB-4'-OH involved an ER-mediated mechanism, the focus assay was performed with 5 pM of an OHPCB in combination with various concentrations of the ER antagonist LY156758. At 0.1 pM, LY156758 suppressed all foci induced by 5 pM of either of the OHPCBs (data not shown), indicating an ER-mediated mechanism. This is supported by the finding that both 2,4,6-TCB-4'-OH and 2,3,4,5-TCB-4'-OH inhibit 3H-E2 binding to ER with IC50s of 79 and 15 nM, respectively ( Figure 2 and Table 1 ). However, in contrast to the results of Arnold et al. (8) , the equimolar mixture of the two OHPCBs did not bind synergistically to ER (IC50 = 15 nM).
To determine whether 2,4,6-TCB-4'-OH interacts synergistically with the natural estrogen E2, we tested five concentrations of 2,4,6-TCB-4'-OH in combination with increasing concentrations of E2. At all concentrations the combined effect of 2,4,6-TCB-4'-OH and E2 was only additive (Figure 3) . The maximal effect elicited by 1 nM E2 was not increased with Log molarity of E2 
Effcts of Precposure
To examine whether chronic low-level exposure to a xenoestrogen, as is found in human and animal populations, affects the estrogenic response to a subsequent exposure of a xenoestrogen in the presence of physiologic E2 levels, we pretreated MCF-7 cells with various concentrations of 2,4,6-TCB-4'-OH before testing them in the MCF-7 focus assay. MCF-7 cells were preexposed to 0.1 to 1.0 pM 2,4,6-TCB-4'-OH for 3 or 7 days. E2 dose-response curves of the pretreated cells, both alone and in combination with 2,4,6-TCB-4'-OH, were the same as the dose-response curves for the control cells (data not shown) and were similar to those shown in Figure 3 . Again, there was no synergism with any of the combinations. This indicates that pretreatment with 2,4,6-TCB-4'-OH for up to 7 days had no effect on the formation of foci induced by 2,4,6-TCB-4'-OH or E2 alone or in combination.
Pesticides
We tested the pesticides dieldrin and endosulfan, alone and in combination, for their ability to induce or inhibit the formation of foci and bind ER. Previous studies examining the potential estrogenicity of endosulfan have used a-endosulfan, P-endosulfan, technical grade endosulfan, or a combination of 60% a-isomer and 40% n-isomer. Therefore, we tested both a-and P-endosulfan in each assay and an equimolar mixture of the a-and P-isomers in the MCF-7 focus assay. Figure 4 shows the results from the MCF-7 focus assay for dieldrin, a-endosulfan, and a mixture of dieldrin and a-endosulfan. Dieldrin exhibits no estrogenicity, whereas a-endosulfan exhibits weak estrogenicity at the highest concentration (10 pM (8, 14, 22) , a variant of the estrogen-responsive preconfluent growth assay referred to as the E-SCREEN assay (16) , a temperature-sensitive sex determination assay (10) , reporter gene assays (7, 8, 14) , and a mouse uterotropic assay (2,4,6-TCB-4'-OH only) (14, 22 
